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AbSTRACT 

This paper Is a Droad surve>' of the lubrication of rolling-elenient 
bearings* Emphasis Is on the critical design aspects related to speed, 
temperature, and ambient pressure environment. Types of lubrication Inluulng 
grease, jets, mist, wick, and through-the-race are discussed. The paper covers 
the historical development, present state of technology, and the future problems 
of rolling- element bearing lubrication. 

INTRODUCTION 

In this survey of the lubrication of rolling-element bearings, all the 
common methods of lubrication are discussed. For the great bulk of bearings In 
Industrial machinery, well defined procedures for designing satisfactory 
lubrication systems are available In manufacturers' catalogs and standard 
handbooks. The discussions on these more common methods are rather brief In 
this paper. The aircraft gas turbine engine has provided the Impetus and 
driving force for quantum leaps In lubrication technology. For that reason, 
this paper leans heavily toward discussions of that technology. 

FUNCTIONS OF A, LIQUID LUBRICANT 

A liquid or grease lubricant In a rolling-element bearing provides Several 
functions. A major function Is to separate the surfaces of the raceways and the 
rolling elements with an elastohydrodynamic (EHD) film. The formation of the 
EHD film depends on the elastic deformation of the contacting surfaces and the 
hydrodynamic properties of the lubricant. The magnitude of the EHD film Is 
dependent mainly on the viscosity of the lubricant and the speed and load 
conditions on the bearing. For normal bearing geometries, the magnitude of the 
EHD film thickness Is of the order of 0.1 to 1.0 micron (4 to 40 pin.). 

It was only about 30 years ago that It was recognized that a lubricant In 
the form of an EHD film could separato heavily loaded contacts In 
rolling-element bearings. Grubln Lljl In 194U developed an approximate film 
thickness equation for EHO line contacts. It was the m1d-l950*s before the 
first experimental evidence of an EHD film was obtained. In 1958 Crook L2j 


^Numbers 1 n brackets denote references at end of paper. 
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JET LUBRICATION 

rol ling-element bearing applications where speeds are too high for 
grease or simple splash lubrication, jet lubrication Is frequently useu to 
lubrlf tiof^tf hearing temperature by reiimving generated heat. In jet 
ifrlf f placement of the nozzles, number of nozzles, jet velocity^ 

If Inufdllf removal of lubricant from the bearing and limiediate 

vicinity are all very Important for satisfactory operation. Even the Internal 
bearing design is a factor to be considered. internal 

ch... Importance of careful and proper jet lubricating system design was 
shown by Matt and Glannoltt L14j and is summarized In Fig. 1. For seemingly 
identical bearing operating conditions of load, speed anu lubricant flow rafs 
bitterence in bearing operation ana te«perature can be fin. In the 
case shown by the dashed lines, temperature rises drastically with Increased 
flow rate due to use of a simple oil jet directed at the loaded side of the ball 
f H ^ Inadequate scavenge port size. For the case shown bv the 

solid lines, properly placeo multiple Jets anu larger scavenge ports with an 

^ decrease In temperature with Increaseu'^^ 
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Figure 2. - Placement of )ot$ for ball bearings with 
relieved rings and tapered-rollcr bearings. 
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Figure 4 • Underrace oiling system for main shaft bearings on 
turbofan engine, (From (19 U 
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under^race lubrication and cooliny is shown in Fig* b from 
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o( und«r-race lubrication with 120 mm-bora angular contact 
ball bearings. lOII-ln temperature. 394 K 1250® F)i from lUl. | ^ 


anu ® of load conditions 

^plying under-race lubrication to small bore bearings (<40-nm bore) is 
.note ditticult because of limited space available for grooveiLTadtal holes, 
and means to get the lubricant under the race. For a given ON value, 
centrifugal effects are more severe with small bearings since certrifuoal 
va .7 with 0N<^. Heat generated per unit of surface area ?raU hfiJr^ 
and iieat lemoval is more difficult in siiialler bearings. 

_ Although it was previously shown that operations up to 3 million ON can be 
successfully achieved with small bore bearings with jet lubrication, soiiie 
advantages may be attained if under-race ' hrication can be used. Schuller 1241 
bore h^u l"ber-raci temperatures with 3b-nm- (1.37tJ0-in.-J 

lubrication. As shown in Fig. b from 124].^ 
higher speeds up to 000 rpm (2.b million ON). ^ ^ 

relative^tli'^hln restricted to lower speed applications 

relative to ball ami L^lindncal roller bearings* The speed limitation Is 

lubHciu.in“!n^" the cone-rlb/rol ler-eiid contact which requires very cSrcful 
lubrication and cooling consideration at higher speeds. The speed of 
tapered-rol ler bearings is limited to that which results In a ON value of 
approximately o.b million ON (a cone-rib tangential velocity of approximatelv 
6 m/sec (7000 ft/min) unless special atteirtlon is given to lubricating and 

cttLcts Starve this critical contact of lubricant* ^ 

the technique of und>>t-race lubrication was applied to 
tapcted-rollu beatings, that is, to lubricate and cool the critical 

taoer.ui^e'l'i described in I2bj, 8a.9-iiin- (3.b-1ti.-) bore 

tapered roller bearings were run under combined radial and thrust loads to 1 42 
m Ihon ON w th cone-rib lubrication (the term used to denote undeSace 
lubrication In tapored-ro 1 ler bearings)* 
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Figure 7 . - Tapered-roller bearing with cone-rib and let lubrication. 
(From 1181. 1 
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TABU 1 . ^ UFfCT OF CUP COOUNQ ON TAPEREP-ROUER 
BEARING temperatures 
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PICK LUBRICATION 
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Figure lo. - Wick lubrication of ball bea^g tor energy storage flywheel. 
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energy storage flywheel presently undergoing testing at the author's 
laboratory, The wool felt wick transports oil from tho reservoir to a tapered 
sleeve above the bearing. The oil Is centrifugal ly fed to the bearing, is 
circulated through the hearing and returned by gravity back to tho reservoir. 
Unpublished tests have shown stable and successful operation with this system 
with 25-mm bore ball bearings to 20 000 rpni In a vacuum of O.i mm Hg, 

AlR-OlL MIST LUBRiUTlON 

Another coninonly used lubrication method for rolling-element bearings Is 
a1r-(i1l mist or aerosol lubrication. This method uses a suspension of fine oil 
particles In air as a fog or mist to transport oil to tho bearing. The fog Is 
then reclassified or condensed at the bearing so that the oil particles will wet 
the bearing surfaces. Reclassification Is extremely Important, since the small 
oil particles In the fog do not readily wet bearing surfaces. The reclassifier 
generally Is a nozzle that accelerates the fog, forming larger oil particles 
that more readily wet bearing surfaces. 

Alr-oll mist lubrication Is non-recirculatingi the oil Is passed through 
the bearing once and then discarded. Very low oil flow rates are sufficient tor 
lubrication of rolling-element bearings exclusive of the cooling function. This 
type lubrication has been used In Industrial machinery for over bO years. It Is 
used very effectively In high-speed, h1gh-prec1s1on machine tool spindles. 

A recent application of an a1r-o11 mist lubrication system Is In an 
emergency lubrication system for malnshaft bearings In a U.S. Army helicopter 
turbine engine. An emergency lubrication system was required to allow safe 
engine operation for up to 30 minutes In the event that the primary lubrication 
system (recirculating jet) suffered severe ballistic damage. 

An experimental program which verifies the feasibility of this approach was 
reported by Rosenlleb In [2g], It demonstrated that an alr-oll mist system 
along with auxiliary cooling air could provide satisfactory short term operation 
of a 46-mm bore angular-contact ball bearing to speeds up to 3.0 million ON. 
Successful tests up to 100 hour duration were performed at 2.0 million ON with a 
mist oil flow rate of 284 cm^/hr (16.7 In. 3/hr), a cooling air fiow rate of 
0.337 scmm (11.9 scfm) and a bearing temperature of 472 K (390° F), This oil 
flow rate to the bearing 1s at least two orders of magnitude less than would be 
required In a jet lubrication system for these conditions. However, over a 100 

OPERATING REGION FOR MOST 
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correction factors tor lubricdnt ortects <jro now being used In 
sophlsticdted coniputer progronis for ^nolysls ot rol 11ng«*e lenient beerlno 
performance such as those of Crecellus Ijyj and Klecknor 140]* In such 
programs* the lubricant t i Im parameter Is calculated* and a life correction 
factor is used In bearing life calculations* Further discussion of these 
coniputer codes can be found In another paper at this conference by Pirvics 1411* 
A practical account of the effect of the lubricant film parameter A on 
bearing fatigue life Is given by Russell and Clark L4i:‘]* A group of aircraft 
urblne engine main shaft ball bearings were found to have poor outer raceway 
surface The fatigue life determined from ng testing these bearings 

significantly less than the life of s* liar bearings with proper 
surface finishes and considerably less than predicted by methods of [3b]* The 
bearings with poor outer »;aceway finishes had a calculated A value at the 
outer-racc-ball contact of 0*/* Acceptable finisher* on the outer raceway gave a 
nf « ^ ^ Of approximately 3* The experimental results showed two orders 
of magnitude Ife difference* whereas the predicted lite difference was 
considerable less than one order of magnitude* 

other published data known to the author have shown such large life 
difference due to lubrication effects. It Is possible that other factors 
^ niaterlal/ lubricant Interactions and 

chemical effects. Ui, to now, Invest Ujators have concentrated on the phvslcal 
factors Involved to explain the greater scatter In life results at low A 
values. Material/lubricant chemical Interactions have not been adequately 
Investigated, from decades of boundary lubrication studies, It Is apparent that 
chemical effects must play a significant role where there is appreciable 
asperity Interaction. More work needs to be done In this area. 
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LUBRItANT CONTAMINATION AND FILTRATION 

It 1s well ri?<annlie(i that fatiyue failures which occur on rolling-o lenient 
contacts am a consequence oi competitive failure modes doveloplnq primarily 
from either surface or suhsiirface defects. Subsurface Initiated fatigue, that 
which originates slightly below the surface In a region of high shearing stress, 
is generally the mode of failure for properly designed, well lubricated, and 
well maintained rolling-element hearings. Surface Initiated fatigue, often 
originating at the trailing edge of a locallied surface defect, Is the most 
prevalent mode of fatigue failure In machinery whore strict lubricant 
cleanliness and/or sufficient EHO film thickness are difficult to maintain. 

The presence of contaminants In rolling-element systems will not only 
Increase the likelihood of surface Initiated fatigue but can lead to a 
significant degree of component surface distress. In L43], experiments 
performed on tapered-roller bearings have shown that wear Is proportional to the 
^ount of contain In at Ion In the lubricant* and that the wear rate general j.y 
Increases as the contaminant particle size Is Increased* Furthermore* the wear 
process will continue as long as the contaminant particle size exceeds the £HD 
bearing surfaces* Since this film thickness Is rarely 
greater than 3 microns (118 pin*) for a rolling contact component* even 
extremely fine contaminant particles can cause some damage* 

60 to 90 percent reduction In ball 

bearing fatigue life could occur when contaminant particles were continuously 
fed Into the recirculating lubrication system* Also* ball bearing life tests 
reported In [4bj suggest that the use of an “ultraclean** lubrication system may 
Improve bearing life several-fold over a conventional lubrication system* 
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(c) MS\ BtARINO SUSPtNDtD Af 1( R M hours [ROM 40- micron «AB SOI lJU: FILIER TESTS WITH CON- 
TAMINATtD UIBRICAN! Ilf SI SfRIIS IV). 



(d) TEST BEARING SUSPENDED AFTER 449 hours FROM lOS-mlcron- ABSOLUTE FILTER TESTS WITH CON‘ 
TAMINATED LUBRICANI llEST SERIES VL 


Fitjure 16 . - Concludod. 

Loewenthdl and Moyer L4bJ reported that finer filtration improved bearing 
fatigue life and decreaiied wear of bearing components run in a system containing 
lubricant contaminated with carbon* siliceous and metallic particles* The 
photographs in Fig* 16 show inner raceways of the 6b-mm- (i?*bb90~in*-«) bore ball 
bearings run in these tests and illustrate the progressive increase in surface 
distress and wear with coarser filter size* This is reflected by an increase in 
the Intensity and width of the wear track coupled with the increasing absence of 
grinding marks* Although bearing fatigue life was similar for the 3 micron and 
30 micron filter tests* the use of filters coarser than 30 microns reduced 
bearing fatigue life as shown in Table 2* 

There has been a reluctance to use fine filters because of the concern that 
fine lubricant filtration would not sufficiently improve component reliability 
to justify the possible increase in system cost* weight* and complexity* In 
addition it is presumed that fine filters will clou more quickly* have a higher 
clean pressure drop* and generally require more maintenance than currently used 
filters* The study described by Lynch and Cooper 1 ^ 7 } demonstrated that these 
presumptions are not always correct* In this study* tests were performed on a 
3-micron absolute main oil filter which replaced the original production 
40-micron nominal (Ghnnicron absolute) filter for a helicopter gas turbine 
engine lubrication system. The new filter elements provided a much cleaner 
lubricant with less component wear* while greatly extending the time between 
filter removals for clogging and oil changes* This was accomplished with a 
modest increase in filter size and weight and with a new filter clean pressure 
drop nearly the same as the original production unit. The turboshaft engines 
which power advanced helicopters such as the Army's UTTAS and AAH now use 
3-micron absolute filtration In their lubrication systems* 
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Subscripts: 
1* 2 
X, y 


siMiiliiuijur axiu gi cuntact glhpf^r, ni (liu) 
stiiiiKiniigr axH of cuntait rlhiMUJ, in (i/u) 

niuuulus nf r icititkliy, N/m^* (pni) 

iiiuUU iru muUuluu ut ♦»Ia,4lcUy, 



(Hvi) 'ir.'jf)’ 

“i-r' ' 

Wolbull nhifir 

norma) appHuu )uau, N ()b) 
dlmonslunluss nialurla) paranietur, C'/Ps 
ulmunslonless minimum film thkknuss, h/R^ 
film thicknuss, m (liu) 
o))1pt1c1ty paramutur, a/u 
ambient pressure, N/m2 (psi) 

asymptotic isoviscous pressure, N/m2 (psi) (Ret, 3) 

radius of curvature, m (in*) 

effective radius of curvature, m (in*) 

I 1.1,1 1 4 1 

*^x ^Ix ‘2x *^y ‘ly ' 2y 

dimensionless speed parameter, (um^)/(E*R^) 

surface velocity In x direction, m/sec (In* /sec) 
dimensionless load parameter, F/(E‘kJ) 
lubricant film parameter, h/o 
dynamic viscosity, N sec/m^ (lb sec/1n*2) 

Poisson's ratio 

composite surface rouyhness, micrometers (plti*) 
surface roughness of bodies 1 and 2, micrometers (pin*) 

bodies 1 and 2 
coordinate directions 
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